Protein aggregation into cytotoxic oligomers and fibrils in vivo is linked to cell degeneration and the pathogenesis of >25 uncurable diseases, whereas the high aggregation propensity and insolubility of several bioactive polypeptides and proteins in vitro prevent their therapeutic use. Aggregation of human islet amyloid polypeptide (IAPP) into pancreatic amyloid is strongly associated with the pathogenesis of type II diabetes. IAPP is a 37-residue polypeptide that acts as a neuroendocrine regulator of glucose homeostasis. However, IAPP misfolds and self-associates into cytotoxic aggregates and fibrils even at nanomolar concentrations. Because IAPP aggregation causes ␤-cell death and prohibits therapeutic application of IAPP in diabetes, we pursued a minimalistic chemical design approach to generate a molecular mimic of a nonamyloidogenic and bioactive IAPP conformation that would still be able to associate with IAPP and thus inhibit its fibrillogenesis and cytotoxicity. We show that the double N-methylated full length IAPP analog [(N-Me)G24, (N-Me)I26]-IAPP (IAPP-GI) is a highly soluble, nonamyloidogenic, and noncytotoxic IAPP molecular mimic and an IAPP receptor agonist. Moreover, IAPP-GI binds IAPP with low nanomolar affinity and completely blocks IAPP cytotoxic self-assembly and fibrillogenesis with activity in the low nanomolar concentration range. Importantly, IAPP-GI dissociates cytotoxic IAPP oligomers and fibrils and is able to reverse their cytotoxicity. Bifunctional soluble IAPP mimics that combine bioactivity with the ability to block and reverse IAPP cytotoxic selfassembly are promising candidates for the treatment of diabetes. Moreover, our amyloid disease inhibitor design concept may be applicable to other protein aggregation diseases. amyloidogenesis inhibitor ͉ chemical design ͉ protein aggregation ͉ diabetes ͉ therapeutic compound
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amyloidogenesis inhibitor ͉ chemical design ͉ protein aggregation ͉ diabetes ͉ therapeutic compound F olding, misfolding, and the aggregation and fibrillogenesis propensities of proteins or polypeptides appear to be intrinsic properties of the amino acid sequence (1) . An increasing body of evidence suggests that aggregates that form during in vivo self-assembly and amyloidogenesis are cytotoxic. This offers a link between protein͞polypeptide aggregation, cell degeneration, and the pathogenesis of a number of diseases called protein aggregation diseases (1, 2) . In addition, the high aggregation and fibrillogenesis propensities of several bioactive polypeptides and proteins in vitro cause a major problem in their pharmaceutical use as therapeutics (3) .
Compounds that block cytotoxic protein͞polypeptide selfassembly and amyloidogenesis are therefore important targets of therapeutic intervention in disease (2, 4) . However, the design of such compounds is a very demanding task (2, 4, 5) . Short self-recognition regions of amyloidogenic polypeptides have been applied as scaffolds for low-molecular-weight peptidomimetics to disrupt amyloidogenesis (6) (7) (8) (9) . Although a number of such compounds have been generated, highly potent and pharmacologically tested agents are not yet available (2, (4) (5) (6) . A potential hurdle in their development is to overcome the high affinity and cooperativity of the interactions of cytotoxic selfassembly of the full length amyloidogenic sequences (2, 4, 5) .
The extremely high propensity of the pancreatic polypeptide human islet amyloid polypeptide (IAPP) to misfold into cytotoxic aggregates and fibrils is strongly associated with ␤-cell degeneration in type II diabetes (10, 11) . IAPP is a 37-residue polypeptide secreted by the ␤-cells that acts together with insulin as a regulator of glucose homeostasis (12, 13) . Clinical studies suggest that the use of IAPP or IAPP receptor agonists as glucose regulators might be beneficial in diabetes treatment (13) . However, low solubility (11, 13) , high fibrillogenesis propensity, and the cytotoxicity of misfolded and aggregated IAPP preclude its pharmacological use (12, 13) . IAPP is a conformationally flexible polypeptide that misfolds into cytotoxic ␤-sheet aggregates and fibrils via a multistep nucleation-dependent process (11, 14, 15) . Soluble IAPP analogs that combine bioactivity with the ability to inhibit cytotoxic self-assembly of native IAPP are therefore of high biomedical interest. Such ''bifunctional'' analogs would be promising candidates for therapeutic application in diabetes (13) and tools for understanding IAPP amyloidogenesis and cytotoxicity.
Here, we use a minimalistic conformational restriction strategy to design a full length IAPP-derived molecular mimic of a nonamyloidogenic and bioactive IAPP conformation. According to our design concept, the mimic should have nearly the same sequence as IAPP but should be soluble, nonamyloidogenic, and noncytotoxic and would ideally exhibit agonistic activity. At the same time, the mimic should be able to bind IAPP and inhibit its cytotoxic amyloidogenesis process. Approaches to changing the biophysical properties of self-assembling proteins or polypeptides include redesigning self-recognition interfaces (16, 17) . Our approach features the structure-based introduction of a minimum number of two N-methyl rests on the same side of the ␤-strand in the IAPP ''amyloid core'' sequence IAPP [22] [23] [24] [25] [26] [27] or NFGAIL of full length IAPP (Fig. 1A) (9, 18) . Constraining the conformation of a conformationally flexible and bioactive polypeptide is a known strategy to both modulate its biophysical properties and generate high-affinity agonists of biological function (17, 19) . Further, amide bond N-methylation is a minimally invasive method toward inhibiting peptide self-assembly in ␤-sheets (17, 20) .
We envisioned that, because of its similarity to IAPP, the mimic should be able to interact with monomeric IAPP and kinetically stabilize it against cytotoxic misfolding and selfassembly (Fig. 1B) . Binding to IAPP monomers might also shift the fibrillogenesis equilibrium toward dissociation of cytotoxic assemblies. Similarly to IAPP, the mimic should also be able to bind fibrillogenesis intermediates (Fig. 1B) . A high affinity of biomolecular recognition, a strong kinetic stabilization of nontoxic IAPP monomers (or oligomers) against cytotoxic misfolding and self-assembly, and a strong inhibitory potency toward IAPP self-assembly should be provided by the maximized number of contact points between the full length IAPP-derived molecular mimic and IAPP, because of positive cooperativity, and by the constrained nature and the steric bulk of the molecular mimic (5, 16, 21) .
Results
Design of the Molecular Mimic. We have previously shown that N-methylation of the amide bonds at G24 and I26 in the amyloidogenic and cytotoxic hexapeptide NFGAIL generated the nonamyloidogenic and noncytotoxic peptide NF(NMe)GA(N-Me)IL (18) . Based on the hypothesis that NFGAIL is a crucial amyloid core and self-recognition sequence of IAPP (22) , we decided to introduce the two N-methyl residues into the amides of G24 and I26 within the full length IAPP sequence and designed the double N-methylated IAPP analog [(N-Me)G24, N-Me)I26]-IAPP (IAPP-GI) (Fig. 1 A) . However, although the two N-methylations abolished amyloidogenicity of short IAPP fragments (18) , their effect on full length IAPP was unpredictable because of the unknown role of other sequence parts in misfolding and self-assembly (11).
IAPP-GI Is a Highly Soluble Nonamyloidogenic Noncytotoxic and Yet
Assembly-Competent IAPP Mimic. Sedimentation and transmission EM (TEM) studies at pH 7.4 confirmed that IAPP has a very low kinetic solubility and an extremely high amyloidogenic propensity (11) (Fig. 2 A and B) . IAPP aggregated into fibrils within 24 h at 1 M, whereas at 10 and 100 M, aggregates precipitated immediately, and fibrillogenesis was accomplished at 20 and 2 h, respectively ( Fig. 2 A and B) . By contrast, IAPP-GI was soluble even at a 100-fold higher concentration than IAPP (100 M), and TEM indicated the absence of fibrillar aggregates ( Fig. 2 A  and B) . To quantify amyloidogenicity, we incubated IAPP or IAPP-GI (pH 7.4) at various concentrations and followed fibril formation via the thioflavin T (ThT)-binding assay (23) . IAPP aggregated into fibrils at submicromolar concentrations (625 nM) (Fig. 2C ). By contrast, IAPP-GI did not bind ThT even when a 100-fold higher concentration than IAPP was applied (62.5 M; 14 days) (Fig. 2C) . Thus, IAPP-GI was at least 100-fold more soluble and 100-fold less amyloidogenic than IAPP at physiological pH.
We next followed the conformation of IAPP-GI and IAPP at pH 7.4 by far-UV CD for several days. Although IAPP (5 M) aggregated into soluble ␤-sheets and insoluble fibrils within 2.5 h, IAPP-GI (5 M) was soluble, and its spectrum was nearly unchanged for 14 days (Fig. 2D ). The spectrum of IAPP-GI was indicative of ordered, most likely ␤-sheet-and͞or ␤-turncontaining, conformations, and TEM indicated a complete absence of fibrils (Fig. 2D Insets) . These findings indicated that IAPP-GI was constrained in a nonamyloidogenic conformation.
IAPP-GI did have a pronounced self-association propensity. This was shown by TEM, size exclusion chromatography (SEC), and far-UV CD concentration dependence studies (not shown). TEM of IAPP-GI solutions (5-100 M) revealed soluble spheroidal aggregates of different sizes (diameters up to 100 nm) ( Fig. 2 B and D) . SEC indicated that both IAPP-GI and IAPP formed monomers and dimers, when freshly dissolved (6.25 M) in aqueous buffer, pH 7.4 ( Fig. 7 A and B , which is published as supporting information on the PNAS web site). Kinetic follow-up of peptide association indicated that IAPP further associated into tetramers, various different oligomers, and large insoluble aggregates (Fig. 7B) . IAPP-GI also formed soluble oligomers but no insoluble aggregates (Fig. 7A) .
To quantify affinities of self-association, we used fluorescence spectroscopy (24) . N ␣ -amino-terminal f luorescein-labeled IAPP-GI (Fluos-IAPP-GI) and IAPP (Fluos-IAPP) were titrated at 1 nM with IAPP-GI and IAPP, respectively, in aqueous buffer, pH 7.4, and fluorescence emission spectra were recorded (9) . Binding of IAPP to Fluos-IAPP and of IAPP-GI to Fluos-IAPP-GI at a 100-fold molar excess resulted in fluorescence enhancement of 260% and 190%, respectively ( Fig. 3 A and B) . Sigmoidal titration curves were obtained and were consistent with cooperative self-assembly processes ( Fig. 3 A and B) . The determined apparent affinities (app. K d ) of interactions were 9.7 (Ϯ0.9) nM for Fluos-IAPP-IAPP and 4.2 (Ϯ0.8) nM for Fluos-IAPP-GI-IAPP-GI, demonstrating that both peptides selfassociated with strong and nearly identical affinities.
We next studied the potential cytotoxic properties of IAPP-GI as compared with IAPP. Peptides were applied to cultured pancreatic rat insulinoma cells (RIN 5fm), and cell viability was determined by two different assays: first, by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) reduction assay ( Fig. 3C ) and secondly by assessment of apoptosis ( Fig. 3D) (11) . Both assays showed that, whereas IAPP was strongly cytotoxic and caused apoptotic cell death in ␤-cells, IAPP-GI was completely devoid of any cytotoxicity ( Fig. 3 C  and D) .
IAPP-GI Is a Full IAPP Receptor Agonist. IAPP exhibits several of its biological actions via binding to G protein-coupled receptors and activation of adenylate cyclase (12, 25, 26) . To evaluate the receptor agonistic potency of IAPP-GI, we studied adenylate cyclase activation of high-affinity human IAPP receptors expressed on the human breast carcinoma cell line MCF-7 (25) . Various concentrations of IAPP-GI or IAPP were incubated with the cells and generated cAMP was quantified. IAPP-GI exhibited the same maximum effect on adenylate cyclase stimulation as IAPP, which was consistent with IAPP-GI being a full agonist of the human IAPP receptor (Fig. 4A) . However, the adenylate cyclase activation isotherms showed that IAPP-GI was a 7-fold less potent agonist than IAPP (IAPP, EC 50 631 pM; IAPP-GI, EC 50 4.4 nM). To determine the receptor-binding affinity of IAPP-GI, we next studied competitive inhibition of the specific receptor binding of radioactively labeled rat IAPP, the strongest ligand known, by IAPP-GI and IAPP on MCF-7 cells (Fig. 4B) (25) . The binding isotherms showed that, whereas IAPP-GI was a potent IAPP receptor ligand, its receptorbinding affinity was significantly decreased as compared with IAPP (IAPP, IC 50 2.3 nM; IAPP-GI, IC 50 158.5 nM). Together, the above results showed that IAPP-GI is a full receptor agonist, albeit weaker than IAPP.
IAPP-GI Is a Nanomolar Affinity IAPP Ligand. To address the question whether IAPP-GI is able to bind IAPP, we performed a pulldown assay in combination with NuPAGE gel electrophoresis and Western blotting (27) (Fig. 5A) . Amino-terminal digoxigenin-labeled IAPP-GI (Dig-IAPP-GI) (2.5 M) was incubated (1 h) with N ␣ -amino-terminal biotin-labeled IAPP (Biotin-IAPP) (2.5 M), and complexes were isolated by capturing Biotin-IAPP on streptavidin-coated beads. After dissociation, components were revealed by NuPAGE and Western blotting with antibiotin and antidigoxigenin antibodies (Fig. 5A) . The antidigoxigenin Western blot showed the presence of significant amounts of Dig-IAPP-GI, demonstrating that IAPP-GI binds IAPP.
The interaction of IAPP-GI with IAPP was then characterized by fluorescence spectroscopy. Fluos-IAPP (1 nM) was titrated in aqueous buffer, pH 7.4, with IAPP-GI. Binding of a 100-fold molar excess of IAPP-GI resulted in a 240% increase of fluorescence emission (Fig. 5B) . A sigmoidal binding curve was obtained and an app. K d of 17.5 nM (Ϯ3.2) was determined (Fig.  5B) . Of note, a similar affinity was obtained when Fluos-IAPP-GI (1 nM) was titrated with IAPP [app. K d ϭ 8.9 nM (Ϯ1.5)] (not shown). A directly proportional concentration dependence was found for the fluorescence of Fluos-IAPP within 1-4 nM (9). This finding and the 10 nM affinity of Fluos-IAPP -IAPP assemblies were consistent with Fluos-IAPP being mainly monomeric at 1 nM. We also titrated a 10 nM Fluos-IAPP solution, where both Fluos-IAPP monomers and oligomers were present, with IAPP-GI or IAPP (not shown). The app. K d were in the same concentration range as above. These findings suggested that IAPP-GI bound IAPP monomers and oligomers with very low nanomolar affinity and showed that the affinity of the IAPP-GI-IAPP interaction is very similar to the affinity of IAPP self-association.
IAPP-GI Inhibits IAPP Misfolding into ␤-Sheets, Fibrillogenesis, and
Cytotoxicity. To examine whether interaction of IAPP-GI with IAPP could inhibit IAPP misfolding and self-assembly into soluble ␤-sheets and fibrils, we next used far-UV CD spectroscopy and TEM. IAPP (5 M, pH 7.4) was incubated alone or in the presence of IAPP-GI (5 M), and CD spectra were measured at various time points (Figs. 2D and 5C ). Aliquots were subjected to TEM, whereas UV spectra were measured to control for peptide loss because of insolubilization. IAPP aggregated into soluble ␤-sheets and insoluble fibrillar aggregates precipitated at 2.5 h (Figs. 2D and 5D Left) . In the presence of IAPP-GI, however, no insolubilization of IAPP occurred, and the spectrum did not change over 14 days (Fig. 5C ). The spectrum of the mixture differed markedly from the sum of the spectra of IAPP (at 0 h) and IAPP-GI, which indicated that IAPP-GI had interacted with IAPP. TEM between 24 h and 14 days showed soluble round oligomers and chain-like assemblies of spherical oligomers (Fig. 5D Right) , but no fibrillar aggregates were detected (Fig. 5C Inset) .
IAPP fibrillization in the absence or presence of IAPP-GI was next followed by the ThT assay (Fig. 6A) . Conversion of IAPP (6.25 M, pH 7.4) into fibrils was accomplished within 2-4 h. In the presence of IAPP-GI (1͞1), however, fibril formation was completely suppressed (14 days) (Fig. 6A) .
Next, IAPP or 1͞1 mixtures of IAPP with IAPP-GI were added to RIN 5fm cells, and cytotoxicities were assessed by MTT reduction (Fig. 6B) and by quantification of apoptotic cell death (Fig. 6C) . IAPP-GI strongly suppressed IAPP-mediated apoptosis, and IAPP cytotoxicity was nearly completely inhibited over a 1,000-fold IAPP concentration range. Of note, rat IAPP, which is nonamyloidogenic and differs from IAPP in six residues, did not affect IAPP cytotoxicity (not shown). Titration of cytotoxic IAPP (100 nM) with IAPP-GI gave a sigmoidal titration curve, and a 1͞1 molar ratio of IAPP-GI to IAPP caused maximal inhibition of cytotoxicity (Fig. 6C Inset) . An IC 50 of 20 nM was determined, which correlated very well with the 17 nM nanomolar affinity of the IAPP-GI-IAPP interaction.
IAPP-GI Redissolves Cytotoxic IAPP Aggregates and Fibrils and Re-
verses Their Cytotoxic Effects. We next asked whether IAPP-GI could block or reverse already-started IAPP fibrillogenesis processes. Using the ThT assay, we compared fibrillization kinetics of a solution of IAPP alone (16.5 M, pH 7.4) with those of an identical solution to which IAPP-GI (16.5 M) was added at various time points (Fig. 6D) . IAPP-GI completely interrupted IAPP fibrillization (at 1͞1) regardless of the stage of the process, i.e., when added both before and after nucleation. Most importantly, IAPP-GI (1͞1) redissolved IAPP fibrils and reversed already-started fibrillogenesis (Fig. 6D) .
To address whether IAPP-GI-mediated dissolution of fibrils resulted in reversal of cytotoxicity, solutions of the ThT assays were applied to RIN 5fm cells (at 24 h), and cell viability was assessed (Fig. 6E) . In fact, IAPP-GI was able to nearly quantitatively reverse the cytotoxic effects of already-formed IAPP aggregates and fibrils (Fig. 6E) . Of note, the same cytotoxic effect of the IAPP-alone incubations was obtained when IAPP was incubated for 4-24 h before addition to the cells (Fig. 6F) , whereas cytotoxicity was somewhat reduced in the 0-or 30-min incubations (not shown).
We also tested whether IAPP-GI was able to inhibit the nucleating effect of exogenously added fibrillar seeds on IAPP fibrillogenesis. Under assay conditions where IAPP fibrillogenesis (6.25 M) began after a lag of 48 h (9), seeding with preformed IAPP fibrils (10%) resulted in an immediate beginning of fibrillogenesis (Fig. 6F) . In the presence of IAPP-GI (1͞1), however, fibril formation was completely suppressed (Fig. 6F) .
Discussion
We have designed a molecular mimic of a nonamyloidogenic and bioactive IAPP conformation. The mimic, IAPP-GI, is a 37-residue polypeptide that exhibits nearly the same amino acid sequence as the extremely amyloidogenic and cytotoxic polypeptide IAPP. However, IAPP-GI is at least 100-fold more soluble and less amyloidogenic than IAPP under physiological pH and has no cytotoxic properties. Our results provide evidence that the gain-of-toxic activity of IAPP is directly linked to its ability to misfold and self-assemble in ␤-sheet aggregates and fibrils (1, 2, 11) .
Reported inhibitors of IAPP fibrillogenesis so far include aromatic compounds and short peptides active in the micromolar or submicromolar concentration range, at best (7) (8) (9) 28) . These inhibitors can merely delay or suppress amyloidogenicity and cytotoxicity and are unable to block or reverse IAPP cytotoxic self-assembly after nucleation. For example, the hexapeptide NF(N-Me)GA(N-Me)IL, a recently described submicromolar affinity IAPP ligand, exhibits its strongest inhibitory effects in the micromolar concentration range, is unable to completely block IAPP fibrillogenesis and cytotoxicity, and does not block or reverse cytotoxic self-assembly after nucleation (9) . By contrast, IAPP-GI binds IAPP with a Ϸ10-fold higher affinity than NF(N-Me)GA(N-Me)IL, completely blocks IAPP cytotoxic misfolding and self-association with an IC 50 of 20 nM both in preand postnucleation phase, and redissolves cytotoxic IAPP aggregates and fibrils. Because treatment of disease usually starts after the disease begins, these properties are very important with regard to a potential therapeutic use.
Our studies suggest that the high inhibitory potency of IAPP-GI might be mediated by the high affinity binding of IAPP-GI, (i) to IAPP monomers, their kinetic stabilization toward cytotoxic misfolding and self-assembly or their sequestering from the amyloid pathway and (ii) to IAPP fibrillogenesis intermediates and their sequestration from further fibrillogenesis. IAPP-GI binding to nontoxic IAPP monomers would shift self-assembly to the left and might underlie dissociation and reversal of cytotoxicity of oligomers and fibrils (2) (Fig. 1B) .
Conclusion
IAPP-GI is a designed low nanomolar affinity IAPP ligand. Furthermore, IAPP-GI is the only known compound that com- pletely blocks with low nanomolar activity and reverses IAPP cytotoxic self-assembly and fibrillogenesis. Finally, IAPP-GI is the only known IAPP amyloidogenesis inhibitor that is at the same time a soluble at physiological pH, nonamyloidogenic and noncytotoxic, full length IAPP analog and an IAPP receptor agonist. For comparison, the best-known soluble IAPP receptor agonist, a triproline analog of full length IAPP ([P25,P28,P29]-IAPP), precipitates above pH 5.5, and no amyloid-inhibitory properties have been reported (13) . In addition, because large parts of the IAPP sequence are required for receptor binding and activation, other reported inhibitors would be devoid of receptor agonistic properties (7-9, 13, 28) . These points demonstrate the efficiency of our amyloid inhibitor design strategy and underline the so-far-unique bifunctional nature of IAPP-GI, i.e., its function as both a highly potent IAPP amyloid inhibitor and a soluble IAPP receptor agonist. Bifunctional IAPP mimics, such as IAPP-GI, could therefore be promising drug candidates for the treatment of diabetes (13) .
Our results offer a proof of principle of a concept for designing potent amyloid disease therapeutics and of a chemical engineering approach to redesign a natively amyloidogenic and bioactive polypeptide sequence into a soluble, noncytotoxic, bioactive, and highly potent inhibitor of its own cytotoxic self-assembly. Therefore, our amyloid inhibitor design approach may be applicable to other disease-related self-associating polypeptides (3, 4, 29) .
Materials and Methods
Peptides. Synthetic IAPP (human and rat sequences) were obtained from Calbiochem, dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at 200-500 M, and filtered (human sequence) over 0.2-m filters (Millipore). Concentrations of stock solutions were determined by UV (9, 14) . [ 125 I]Bolton͞Hunter-labeled rat IAPP for receptor-binding studies was from Amersham Pharmacia Biosciences (25) .
Peptide Synthesis. Peptides, including the mimic and the labeled analogs, were synthesized by using previously published fluorenylmethoxycarbonyl solid-phase synthetic protocols (9, 30) (see Supporting Text, which is published as supporting information on the PNAS web site).
Sedimentation Assays. Assays were performed as described in Supporting Text. [1% 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP)], pH 7.4} were applied on carbon-coated grids, stained with uranyl acetate as described (14) , and examined with a Philips (Eindhoven, The Netherlands) EM 400 T electron microscope at 60 kV.
TEM. Aliquots of incubations {results shown in
ThT-Binding Assays. Assays were performed by using a recently published assay system (9) (see Supporting Text).
Far-UV CD Spectroscopy. CD spectra were measured as described in Supporting Text.
Size Exclusion Chromatography (SEC). SEC was performed with a TSK-GEL G2000SW XL (TosoHaas, Montgomeryville, PA) (300 ϫ 7.8 mm), as described in Supporting Text.
Adenylate Cyclase Activation and Receptor-Binding Assays. Cell culture (MCF-7 cells) and assays were performed as described in Supporting Text.
Pull-Down Assays. Assays were performed as described in Supporting Text (27) .
Fluorescence Spectroscopic Titration Studies. Measurements were performed with a Spex Fluorolog 2 fluorescence spectrophotometer, as described (9, 31) 
(see Supporting Text).
Assessment of Cytotoxicity via the MTT Reduction Assay. The rat insulinoma cell line RIN 5fm was used and cells were plated as described (9, 22) 
Assessment of Apoptosis via ELISA. RIN 5fm cells were plated at a density of 5 ϫ 10 5 cells͞ml, and the assay was performed as described (9) (see Supporting Text).
